ABSTRACT In broiler production, there is a continuous effort to breed feed efficient chickens. Residual feed intake (RFI) is an accurate indicator that has been accepted as an alternative measure of the conventional feed conversion ratio. This study conducted a duodenal transcriptome survey to explore the molecular basis of broiler RFI. Results showed that there are 599 genes that were differentially expressed (DE) in the duodenum between high RFI and low RFI (LRFI) broilers. Functional analysis showed that RFI can be explained by differences in the regulation of the immune system process, complement activation, nutrient digestion, and absorption pathways. Among those processes, the glutathione S-transferase family and serpin family are involved in glutathione metabolism and TGF-β signaling. These genes are involved in complement and coagulation cascade pathways that constitute a new regulatory network to reduce oxidative stress and inflammatory reaction, as well as to improve the defense capability in LRFI broilers. Ten DE genes related to the digestive tract health and digestive function, CCK, MPEG1, EPHB2, SERPINH1, VANGL2, CY-FIP2, PCDH19, TGFBI, SCUBE3 and CATHL1, were identified as candidate genes related to RFI. In conclusion, the results indicate that there is less oxidative stress, less inflammatory reactions, and better digestion and absorption in the duodenum of the LRFI broilers, which might result in improved intestinal health and contribute to an increase in the efficiency of feed conversion.
INTRODUCTION
In broiler production, feed accounts for at least 70% of production costs. Therefore, continued improvement of efficiency of feed utilization is imperative. An increasingly popular measure of feed efficiency (FE) is based on residual feed intake (RFI), which is the difference between the actual and expected feed intake (FI) of an animal for production and maintenance (Koch et al., 1963) . Compared to the conventional feed conversion ratio (FCR), improvement of the RFI results in better resource usage as well as lower greenhouse gas emissions in production, which is preferred in the sustainable development of the poultry industry (Herrero et al., 2015) .
The mRNA sequencing has been used to identify relevant genes and pathways underlying their traits (Wilhelm et al., 2008; Khalifé et al., 2011; Mudge et al., 2011) . Previous studies have shown that genes are associated with RFI across multiple tissues between chickens with divergent RFI phenotypes (Yuan et al., 2017; Yi et al., 2018) . There are 1,059 significantly divergent genes that are expressed in breast muscle between high RFI (HRFI) and low RFI (LRFI) chickens, and these genes are involved in muscle remodeling, inflammatory response, free radical scavenging, as well as growth hormone and the insulin-like growth factor/phosphatidylinositol 3-kinase/protein kinase B (IGFs/PI3K/Akt) signaling pathways (Zhou et al., 2015) . A total of 286 genes have been identified in abdominal fat from chickens with divergent RFI. Functional analysis showed that the differentially expressed genes (DEGs) were enriched in lipid metabolism, coagulation, and immune regulation pathways. Specifically, the HRFI chickens had higher expression of lipid synthesis genes and lower expression of triglyceride hydrolysis and cholesterol transport genes (Zhuo et al., 2015) . Further 116 unique genes were identified as DEGs in liver from chickens with divergent RFI, some of which were relevant to appetite, cell activities, and fat metabolism (Xu et al., 2016) . These results demonstrated that FI, fat metabolism, immune function, and growth contribute to the chicken RFI.
Differences in digestibility might account for approximately 10% of the variation in RFI (Herd and Arthur, 2009 ). The differences in digestibility may be associated with the differences in the rate of intestinal passage as a consequence of differences in FI. In addition, the digestive tract can secrete gut hormones that affect the appetite, such as cholecystokinin (CCK) and ghrelin (Lee, 2012) . Therefore, the intestinal tract may play a key role in RFI.
Previous studies have explored the role of digestibility in RFI Yi et al., 2015; Vigors et al., 2016; Potts et al., 2017) . A global view of duodenal gene expression differences between LRFI and HRFI suggested that meat-type chickens selected for improved RFI achieve efficiency by either upregulating CD36, PPARα, HMGCS2, GCG or downregulating PCSK2, CALB1, SAT1, and SGK1 genes within lipid metabolism, small molecule biochemistry, molecular transport, cell death, and protein synthesis molecular and cellular functions. The duodenal transcriptome architecture of extreme RFI phenotypes in brown-egg dwarf hens showed that RFI can be explained by differences in metabolic processes and pathways, including the organic acid biosynthetic process, carboxylic acid metabolic process, lipid metabolic process, steroid biosynthesis, and glycerophospholipid metabolism (Yi et al., 2015; Vigors et al., 2016) . However, the mechanism that the intestinal tract uses to affect the RFI in broiler lines is far from understood. This study conducted a duodenal transcriptome survey to provide novel insights into the biological basis of RFI in fastgrowing broilers.
MATERIALS AND METHODS

Ethics Statement
All experimental procedures with chickens were performed according to the Guidelines for Experimental Animals established by the Ministry of Science and Technology (Beijing, China). Ethical approval on animal survival was given by the animal ethics committee of the Institute of Animal Sciences (IAS), Chinese Academy of Agricultural Sciences (CAAS, Beijing, China) with the following reference number: IASCAAS-AE-03.
Animals and Sample Collection
A pure line of fast-growing broilers (B), maintained and intensely selected mainly for growth rate for 6 generations in the Guangdong Xinguang Nongmu Co., Ltd (Foshan, China), was used in this study. Line B will be used as a paternal line in the cross-breeding in the future. The 500 female line B chickens were randomly selected at 29 d of age and transferred into individual cages for RFI measurement. The cages in the experimental station were arranged in a semi-ladder coop. The birds were individually weighed at the beginning At the end of the trial, duodenal epithelial tissues from clinically healthy chickens exhibiting the highest (n = 5) and lowest (n = 5) RFI from 500 birds were harvested immediately from postmortem samples, snapfrozen, and stored at -80
• C until further processing.
Total RNA Extraction and cDNA Library Preparation
Total RNA was extracted from duodenal epithelial tissues with the RNeasy R Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's protocol. The quality and quantity of RNA were monitored by 1% agarose gels, a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Wilmington, DE, USA) and Agilent 2100 bioanalyzer (Agilent Technologies; Santa Clara, CA, USA). Only RNA samples with RNA integrity number greater than 8 were used for cDNA library construction. Six cDNA libraries (3 of each group) were constructed using 3 highest RFI chickens and 3 lowest RFI chickens through an Illumina TruSeq RNA Sample Prep Kit v2 following the manufacturer's instruction (Illumina Inc.; San Diego, CA, USA), and then were subjected to 2 × 150 bp paired-end (PE150) sequencing on a Hiseq X ten instrument (Illumina). All 6 samples were sequenced in 1 lane.
Differential Expression Analysis
First, low-quality reads were removed based on the indexing adaptors, and then the data was processed with Fast QC v0.11.2 (http://www.bioinformatics. babraham.ac.uk/projects/fastqc/) to check the quality of raw sequence reads. The reads were mapped to the chicken reference genome Gallus˙gallus 5.0 (Ensembl, database version 78.4) using TopHat v2.1.1 (Kim et al., 2013) , a fast splice junction mapper for RNAseq reads. Parameters of TopHat were set to allow only unique alignment to the reference genome. Reads with more than 2 mismatches were discarded, and concordant mapping for both reads in a pair was required. The quantification analyses were carried out by the Cufflinks program 2.1.1 (Trapnell et al., 2010) . Fragments per kilobase of transcript per million fragments mapped were used to quantify the mapped whole gene expression levels. The DESeq2 package (Apweiler et al., 2004) was employed to distinguish DEGs between the LRFI and HRFI groups. The DEGs were declared at a significant level of | log2 (fold change) | > 0.585, raw P value < 0.05.
The sequence data reported in this paper have been deposited in the Genome Sequence Archive of BIG Data Center, Beijing Institute of Genomics (BIG), Chinese Academy of Sciences and is publicly accessible at http://bigd.big.ac.cn/gsa/s/bqRQPEq2 (accession no. CRA000800).
Quantitative RT-PCR Confirmations
To confirm our differential expression results, we conducted quantitative reverse transcription PCR (qRT-PCR) assays for 10 key DEGs in 10 RNA samples (5 samples per group) including the samples used for RNA-Seq. The total RNA was used for first-strand cDNA synthesis using a commercial kit (TaKaRa, Dalian, China) according to standard procedures. The cDNA was subsequently used for qRT-PCR analyses with an ABI 7500 Detection System (Applied Biosystems, Foster City, CA, USA) and primers designed using Primer Premier 5.0 software (PREMIER Biosoft, Palo Alto, CA, USA), as listed in Table S1 . The mRNA abundance of candidate genes was determined using the KAPA SYBR R FAST qPCR Master Mix (2×) Universal Cocktail (KAPA Biosystems, Boston, MA, USA). The thermal cycling parameters were as follows: an initial denaturation step at 95
• C for 3 min followed by 40 cycles of denaturation at 95
• C for 3 s, annealing at 60
• C for 32 s, and extension at 70
• C for 34 s. A corrected Ct (ΔCt) was calculated by subtracting the β-actin Ct value from that of the target genes for each sample (Kaminski and Wong, 2018) . To compare with the sequencing-based results, we converted the mean 2 −ΔCt value for each group to fold change by dividing it by the mean value for the control as previously described (Yi et al., 2015) .
Functional Annotation
The functional analysis of DEGs (Table S2) was performed using the DAVID (The Database for Annotation, Visualization and Integrated Discovery) tool (http://david.abcc.ncifcrf.gov/). The Gene Ontology (GO) option was utilized to determine the significantly (P < 0.05) enriched biological processes and groups of genes possibly contributing to RFI phenotype. The Kyoto Encyclopedia of Genes and Genomes Pathway Database (KEGG, http://www.genome.jp/kegg/) was used to identify pathways that were most significant to the data set.
RESULTS
Characteristics of the Pure Line of Fast-growing Broilers
The average BW of females in this line reached 1,800 g by day 42. FI, weight gain, and FCR for day 29 through day 42 were 1,700 g, 870 g, and 1.99, respectively. Broilers with extreme RFI phenotypes showed significant differences in FI, FCR, and RFI (P < 0.01), but there were no significant differences in WG (P > 0.05) ( Table 2) , and these results were consistent with previous studies that examined chickens for improved RFI and achieved efficiency by reducing FI with no change in weight gain.
Overall Assessment for Sequencing Data Mapping Statistics
After pre-processing the sequencing data for the samples, 3.6 to 5.8 GB of high-quality data was generated for each sample. Using TopHat2 aligner, more than 81.06% of clean reads per sample were mapped back to the Galgal5 assembly. Almost 54.77 to 66.63% of reads were aligned in a unique manner, while 13.93 to 27.47% were classified as multiple-mapped reads. Detailed information pertaining to data quality and mapping statistics is presented in Table 3 . Among all mapped reads, the vast majority of which (82.83 to 85.79%) fell into annotated exons, 9.96 to 12.79% were within the large intergenic territory, and only 3.08 to 4.77% were located in introns (Figure 1 ).
Functional Annotation of DEGs
Altogether, 24,624 annotated genes were defined as being expressed in the duodenum of HRFI and LRFI chickens, respectively, and were used in comparative expression analysis, which revealed 599 DEGs. Of these putative genes, 309 were upregulated in the LRFI group and the other 290 were downregulated in the same group (Table S2) .
The functional enrichment analysis of GO terms for all 599 genes is shown in Table S3 . The top 8 enriched GO terms (P < 0.001) in the ontology classification "Biological Process" were selected and are presented in Table 4 . The results show that the GO terms for immune system processes (regulation of immune system process, humoral immune response, and complement activation) and response to stimulus (response to biotic stimulus and response to interleukin-4) were significantly associated with RFI, including 52 genes likely related to RFI by influencing the immune process.
The KEGG pathway analysis showed that the pathways were enriched with 6 clusters (Table S4) . Among all the clusters, the greatest number of pathways that was significantly enriched was in Organismal Systems such as carbohydrate digestion and absorption, protein digestion and absorption, mineral absorption, complement and coagulation cascades, and genetic information processing including ribosome, DNA replication, and base excision repair. In addition, the tumor necrosis factor (TNF) signaling pathway, glutathione (GSH) metabolism, Staphylococcus aureus infection, drug metabolism-cytochrome P450, and metabolism of xenobiotics by cytochrome P450 that is involved in immune and disease process were also significantly enriched. SLC2A5, HK2, CTRL, COL3A1, COL18A1, and CYBRD1 as the key genes in nutrient digestion and absorption were upregulated in the LRFI group. The key genes in Staphylococcus aureus infection and complement and coagulation cascades are complement family (C1QC, C1QA, CFH, C1R, and C1S). Additionally, they are also upregulated in LRFI broilers, while glutathione S-transferase (GST) family (GSTO1, GSTT1, and GSTT1L) genes in drug metabolism-cytochrome P450, metabolism of xenobiotics by cytochrome P450, and GSH metabolism are downregulated in LRFI broilers (Table 5 ).
The Construction of the New Regulatory Network for Broiler RFI
According to the functional annotation, 1 new gene regulatory network for broiler RFI was outlined (Figure 2) . The GST family genes may play a key role in reducing the oxidative stress of the gastrointestinal tract (GIT) though drug metabolism-cytochrome P450, metabolism of xenobiotics by cytochrome P450, and GSH metabolism. HSPA5, SCUBE3, and TGFBI genes participated in decreasing the inflammatory reaction of the GIT by TGF-β signaling. The SERPIN family genes and complement family genes contribute to improving the defense capability of the GIT through complement and coagulation cascades. In addition, key genes including GSTs, HSPA5, and SERPINs interacted each other. Under the regulation of this network, less oxidative stress, less inflammatory reaction, and stronger defense capability in the GIT in response to LRFI result in optimum health of the GIT compared to HRFI. 
Validation of DEGs by qRT-PCR
To validate the accuracy of mRNA-sequencing and our predictions, a subset of 10 important DEGs (C1S, 
DISCUSSION
Generally, the difference in RFI performance between individual chickens can be attributed to 5 major biological processes: (i) FI, (ii) digestion of feed, (iii) metabolism, (iv) activity, and (v) thermoregulation; the digestion of feed contributed to more than 10% of RFI performance (Herd and Arthur, 2009 ). The small intestine plays an important role in nutrient breakdown and absorption. In order to better understand the mechanisms of the small intestine that influence the RFI, we explored comprehensive transcriptome profiling of the duodenum in broilers with extreme RFI performances.
Some difference in digestibility between HRFI and LRFI was expected. HRFI animals eat at a greater multiple of their maintenance diet, and greater intake is associated with increased passage rate and digestibility depression (Potts et al., 2017; Olijhoek et al., 2018) . Previous studies in cattle showed that RFI was correlated with improved dry matter and crude protein digestibility (Richardson and Herd, 2004; Nkrumah et al., 2006) . LRFI pigs exhibited an increased coefficient of apparent ileal digestibility of gross energy, total tract nutrient digestibility of gross energy, and nitrogen and dry matter. The relative gene expression levels of fatty acid binding transporter 2 (FABP2), sodium/glucose co-transporter 1 (SGLT1), glucose transporter 2 (GLUT2), and the enzyme sucraseisomaltase (SI) were also higher in the LRFI pig jejunum, indicating that the absorption of the nutrient is also a key factor for the RFI (Vigors et al., 2016) .
Previous studies in chickens suggested that RFI could be improved by either upregulating CD36, PPARα, HMGCS2, and GCG or downregulating PCSK2, CALB1, SAT1, and SGK1 genes within lipid metabolism, small molecule biochemistry, molecular transport, and protein synthesis in addition to increased oxidation of dietary fat and efficient fatty acid transport from the intestines . Carbohydrate digestion and absorption, protein digestion and absorption, and mineral absorption were the most significantly enriched pathways in the study, which might have strong influences on RFI.
It is interesting that SLC2A5, which encodes GLUT5, was upregulated in LRFI chickens in our study. GLUT5 is responsible for transporting glucose across the basolateral membrane, which plays a key role in glucose absorption in the small intestine (Cheeseman, 1993; Corpe et al., 1996) . Chymotrypsin like (CTRL), which was implicated in proteolysis (Reseland et al., 1997) , was also upregulated in LRFI chickens, which might lead to increased nutrient digestibility. These results suggest that improved nutrient digestibility, mediated by changes in enzyme gene expression and intestinal nutrient transporter gene expression, may be an important mechanism in the improved FE in LRFI chickens. Parallel digestibility bioassay in HRFI and LRFI groups could be applied to test and verify the relationship of genes, nutrient digestibility, and feed conversion efficiency next step.
A sound and robust structure of the GIT with the appropriate physiological functions is critical for animal growth and to ensure optimum health of the GIT, which in turn ensures optimum animal production (Pluske, 2012) . Therefore, improved GIT health also leads to better FE. The GIT is the longest and largest surface among animal organs and is the first contact place for various pathogens and food antigens. The immune system of the GIT can induce a series of host-defensive reactions such as recruitment of immune cells, activation of anti-inflammatory enzymes, and secretion of anti-inflammatory cytokines, which may play a key role in regulating the health and appropriate physiological functions of the GIT (Hong et al., 2010) .
In the present study, GO term and KEGG analyses showed that pathways involved in immune and response stress were significantly enriched. The GST functions in the detoxification of products of oxidative stress, and cytochrome P450 proteins catalyze reactions involved in drug metabolism (Nelson et al., 1993) . The members of the GST family, including glutathione S-transferase theta 1 (GSTT1), glutathione S-transferase theta 1 like (GSTT1L), and glutathione S-transferase omega 1 (GSTO1), were upregulated in HRFI chickens in the present study. Interestingly, Chen et al. (2011) also found that members of the GST family of genes were upregulated in HRFI Angus cattle, suggesting that elevated oxidative stress occurred in HRFI animals. However, a previous study suggested that reduced RFI in chickens via reduced FI occurred by the upregulation of genes that reduce appetite with increased cellular oxidative stress Yi et al., 2015) . Tizioto et al. (2015) also found that xenobiotic metabolism was an overrepresented pathway for RFI, but found these GST genes to be downregulated in the HRFI Nelore cattle, in contrast to our findings. These results suggested that the GST family might correlate with RFI through the pathways of GSH metabolism, drug metabolismcytochrome P450, and metabolism of xenobiotics by cytochrome P450; however, the opposite results reflect the complexity of the RFI molecular mechanism and require further exploration.
Tumor necrosis factor alpha-induced protein 3 (TN-FAIP3), also known as intracellular ubiquitin-editing protein A20, was upregulated in LRFI chickens, and this protein has been characterized as a dual inhibitor of NF-kB activation and cell death. Mice genetically deficient in A20 also develop severe intestinal inflammation, and therefore, expression of A20 is essential for intestinal homeostasis and suppression of NF-kB-dependent inflammation (Vereecke et al., 2009) . Two key genes (SCUBE3 and TGFBI) that can activate transforming growth factor (TGF)-β signaling were upregulated in LRFI chickens. TGF-β is a multipotent cytokine that plays an important role in the regulation of cell growth, apoptosis, and differentiation. Most importantly, TGF-β is a strong anti-inflammatory cytokine that regulates the development of effector cells (Hong et al., 2010) . HSPA5, which negatively regulates the TGF-β receptor signaling pathway, was downregulated in LRFI chickens.
The SERPIN gene family is involved in the inhibition of serine proteases and regulation of the complement cascade (Heutinck et al., 2010) . The present study showed that the SERPIN gene family (SERPINH1, SERPINB5, and SERPINA1) and genes involved in complement and coagulation cascades were upregulated in LRFI. A previous study demonstrated that there was less inflammatory reaction and stronger defense capability in the GIT of LRFI animals as compared to HRFI ones (Young and Dekkers, 2012) . These results supply strong evidence that supports the regulatory network of RFI constructed in the present study. Under the 4 The allelic frequency changes greater than 35% were identified as trait-related SNPs. (The results of the 1, 2, 3, 4 from the whole genome sequence). 5 The GO term of the candidate genes for RFI identified by mRNA-Seq and genomic resequencing. 6 The expression of the common genes. (The results from the mRNA-Seq).
regulation of this network, less oxidative stress, less inflammatory reaction, and stronger defense capability in the GIT of LRFI broilers result in optimum health of the GIT compared to HRFI, contributing to improvement of the FE. In addition, we previously identified 448 genes related to RFI in fast-growing Cobb chickens, which was based on comparison of the entire genomic sequences between HLFI and LRFI broilers (Liu et al., 2018) . In that study, RFI-related SNPs were defined based on the divergence of allelic frequency between 2 phenotypically extreme groups and 448 genes harboring nearby those SNPs were selected as candidate genes. Interestingly, among those genes, 10 genes were also identified as DEGs related to RFI in present study, CCK, MPEG1, EPHB2, SERPINH1, VANGL2, CYFIP2, PCDH19, TGFBI, SCUBE3, and CATHL1 (Table 6 ). Nine genes were upregulated in LRFI chickens except for CCK. Functional annotation showed that those genes were related to the digestive tract health and digestive function such as regulation of inflammatory response, defense response to bacterium, immune system process, regulation of endopeptidase activity, and digestive tract morphogenesis. Among these genes, SCUBE3 and TGFBI are known to be key players in the regulation of the inflammatory response through the TGF-β signaling pathway (Hong et al. 2010) .
In summary, there were 599 DEGs found through comparative transcriptional profiling of the duodenum in LRFI and HRFI chickens. Those genes were mainly enriched in the pathways of immune process, response to stress, digestion, and absorption. These results suggest that the duodenum of broilers with LRFI may undergo less oxidative stress and less inflammatory reaction, with improved digestion and increased absorption. In the current study, the relevance of intestinal healthrelated pathways and genes to the RFI is reported and supplies novel insights into the biological basis of broiler RFI.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table S1 . Primer information used in qRT-PCR test. Table S2 . Information of differentially expressed genes (DEGs). Table S3 . Results of the functional enrichment analysis of GO terms for 599 genes. Table S4 . Results of the KEGG pathway analysis of 599 genes.
